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11 BACKGROUND 

The development of a vehicle utiuzing LOX/hydrocarbon propellant is one design 
approach for a launch vehicle, to economically deliver large payloads to orbit. High performance 
rocket engines designed to combust these propellants impose high heat loads on their compon- 
ents that can have detrimental impact on engine life, cost, and performance. Various engine 
thrust chamber cooling schemes arc being considered to increase engine performance and/or life. 
A promising cooling approach which shows great performance ar^ life benefits is to 
transpiration cool the high pressure drop throat region. The savings in throat pressure drop can 
be used to (1) increase chamber pressure and hence performance or (2) decrease pump output 
requirements and therefore increase turbopump life. Determination of the overall performance of 
a transpiration cooled throat rocket engine requires quantification of the performance loss due to 
transpiration cooling. 

Aerojet has extensive experience in transpiration cooling. We have been actively 
designing and developing transpiration cooling systems since 1946. Transpiration cooling was 
successfully demonstrated in 1967 on the ARES 100,000 Lbf thrust, 3000 psi transpiration 
cooled chamber. The ARES and subsequent transpiration cooled chambers and nozzles were 
fabricated using platelets. 

Platelets are t sheets of metal individually photoetched and diffusion-bonded 
together or mechanically restrained to create a device with internal flow passages of literally any 
desired pattern. At the platelet surface, cooiant is ejected through discrete pores as small as 
0.001 in. Flow control in platelets is accomplished by providing discrete coolant passages for 
each pore, with primary coolant metering located away from the hot gas surface. Coolant flow 
profiles can be tailored to meet very severe requirements. Past experience with other porous 
materials, such as regimesh, sintered metals, and wound wire, do not provide adequate flow 
control. In these other porous materials, the coolant takes the path of least resistance and avoids 
hot spots by flowing toward the lower-pressure colder areas. Platelet designs are flexible; they 
have been fabricated from a number of wall materials: CRES, Copper, and Inconel. Platelets 
have been fabricated in a range of sizes and for a variety of discrete pore geometries. 
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1.0, Introduction (cont.) 


1.2 OBJECTIVES 

The objective of this program was to characterize the use of hydrocarbon fuels as 
transpiration coolants for rocket nozzle throats. The hydrocarbon fuels investigated in this pro- 
gram were RP1 and Methane. To adequately characterize the above transpiration coolants, a 
program was planned which consisted of five tasks In Task 1 , relevant full-scale transpiration 
cooled throat technology issues were addressed. Analytical models, anchored with available data 
were used to predict engine system performance and life enhancements due to transpiration 
cooling of the throat region. In Tasks 2 and 3, a versatile transpiration cooled subscale rocket 
nozzle was designed and fabricated. In Task 4, the subscale transpiration cooied nozzle was 
tested at very high throat heat flux levels. Finally, in Task 5, detailed data analyses were con- 
ducted on the data to determine the relationship between the key performance and life enhance- 
ment variables and to recommend a design approach for a larger-scale transpiration cooled throat 
design demonstration. 

The end product of the program was a hydrocarbon transpiration cooling characteri- 
zation that (1) was verified by hot fire testing and anchored thermal models, (2) provided per- 
formance and life enhancement data to support future booster studies and (3) created a computer 
program to assess system impacts when transpiration cooling is used- 


Transpiration cooling is an engine cooling scheme which can increase the life and perfor- 
mance of eiipine systems by eliminating the high pressure drops associated with regen cooling 
the combustion chamber throat. The pressure drop savings can be used to increase engine per- 
formance by increasing chamber pressure or to enhance engine life by reducing turbopump dis- 
charge pressure requirements. 

To evaluate RP-1 and methane coolant, three subscale nozzles were built. The first nozzle 
was an all water cooled copper calorimeter nozzle. This nozzle was utilized to establish throat 
heat fluxes. The other two units were nozzles with transpiration cooled throat sections made 
from zirconium copper platelets. Each nozzle was capable of using RP-1 or ’iquid methane 
coolant. A number of fabrication problems were encountered; all were successfully resolved 
with the exception of the throat thermocouples. The 10 mil. thermocouples utilized to provide 
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2.0, Summary (com.) 

high resolution data experienced substantial attrition during the fabrication cycle, resulting in 
approxima'riy 10% of the initial thermocouples still operational. 

Calorimeter test results indicated a higher than predicted heat flux at the throat by approxi- 
mately 25%. Due to the higher than predicted heat flux, transpire throat testing was performed at 
a chamber pressure (PC) of 1500 psi instead of the intended 2000 psi. Methane transpiration 
cooled nozzle testing was limited to one short duration test due to methane supply coolant limi- 
tations. RP-1 transpire testing was terminated during the second test, due to failure of the 12 
inch water cooled L prime section. 

3.0 CONCLUSIONS AND RECOMMENDATIONS 

3.1 CONCLUSIONS 

Analysis of the RP-1 transpiration cooled nozzle data indicates that subscale nozzle 
RP-1 transpiration flowrates can be reduced by 67% of the value predicted by previous models. 
Extrapolation of these results indicates that the RP-1 transpiration flowrates for the full scale 
baseline 750 Klbf w gine are reduced by 35%. The maximum Isp increase for the full scale RP- 1 
engine is revised from 3 to 10 seconds over a complete regeneratively cooled nozzle. 

The data obtained so far consists of only one high flowrate, low wall temperature test 
condition. Based on a single te point, the data should be considered promising but not conclu- 
sive. Full scale engine RP-1 flowrate predictions based on extrapolated test data should be 
treated as requiring further verification. Additional subscale nozzle testing would be prudent. 
The subscale nozzle is in good condition with no eroded areas or obstructed cooling slots, so 
future testing is possible. 

3.2 RECOMMENDATIONS 

1. Further RP-1 testing is recommended. At a minimum, several RP- 1 flowrates 
should be tested. 

2. If additional testing is funded, look into repairing inoperative thermocouples, espe- 
cially those near the hot gas surface. 
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3.2, Recommendations (cont.) 


?•. Evaluate use of non-invasive measurement techniques to determine hot-gas wall 
temperature in transpire throats. 

4.0 TECHNICAL DISCUSSION 

4.1 HARDWARE DESCRIPTIONS 

4.1.1 Component Descriptions 

This sub-section describes the carbon deposition combustor test hardware in 
addition to the calorimeter and transpire cooled throat nozzles. 

4. 1 . 1 . 1 Calorimeter Nozzle 

The high heat flux predicted for the throat area required the selection of 
copper for the liner material. The slots forming the coolant passages in the liner are machined 
perpendicular to the thrust axis. The liner contains 28 circumferential channels manifolded into 
14 circuits as shown in Figure 1. Table 1 contains a summary of the calorimeter channel dimen- 
sions. CiTT' .ts 2-13 are single-channel calorimeter circuits located 0.66 in. upstream from the 
throat to 0.67 in. downstream. Circuits 1 and 14 are multi-channel circuits which are for cooling 
only and will not provide calorimeter measurements. 

Table 2 lists thermal design data for the calorimeter circuits, including the 
mean heat flux, wall temperature, bulk temperature rise and pressure drop for each circuit. Heat 
flux is the primary simulation variable between the subscale bench- test and full-scale chamber, 
and is a required input to the analytical model wnich will be used to evaluate the tr a/. spire exper- 
imental data. 

4. 1 . 1 .2 Long Transpire cooled throat nozzle 

The nozzle design incorporates a water cooled calorimeter chamber section 
with 12 coolant passages machined perpendicular to the thrust axis. The circumferential chan- 
nels are manifolded into 8 circuits. The transpire section of the nozzle starts at an axial distance 
0.66 in. upstream from the throat and extends 0. 1 8 in. downstream. It consists of four compo- 
nents which will be fed with separate external coolant flow lines. This feature allows the 
flowrates of the four compartments to be independently adjusted. The divergent nozzle section 
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Figure 1 . Calorimetric Nozzle Assembly Drawing 


CALORIMETRIC NOZZLE SUMMARY 
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4.1, Hardware Descriptions (com.) 

consists of four calorimete ; rcuits immediately downstream of the throat to allow measurement 
of heat flux during the transpire testing. The nozzle assembly is shown in Figure 2. 

4.1 1.3 Short transpire tiiroat nozzle 

The short transpire throat design is identical to the long throat with the 
exception of two additional upstream water flow passages and one less transpire coolant section. 
The transpire section of the throat begins at an axial distance 0.37 in. upstream from the throat 
and extends ).I8 in. downstream as shown on figure 2. 

4. 1 . 1 .4 Main Combustor 

The main combustor assembly photo and sketch is shown in Figure 3. The 
combustor consists of an H 2 /O 2 igniter assembly, an OFO triplet injector, a water-cooled copper 
acoustic cavity and fuel film coolant manifold, and two water-cooled cylindrical nickel liner L’ 
sections. The water-cooied chamber sections are circumferentially cooled flow calorimeters. 

The components are designed to be interchangeable and utilize standard pipe flanges. Individual 
components are mechanically joined using self-energizing Teflon-coated Raco seals or O-rings 
for effective sealing at these pressures. The main combustor design requirements are summa- 
rized in Table 3. A detailed discussion of the main combustor components follows. 

4. 1.1. 5 Igniter 

A gaseous hydrogen/gaseous oxygen spark igniter is used for the main 
combustor assembly. This igniter was used on previous NASA-funded programs (NAS3-22647) 
and NASA program (NAS 9-15958) in addition to the present contract. The igniter assembly is 
bolted to the backside of the injector body such that the igniter fire: thought the center of injector 
face. The igniter operating conditions are listed on Tabic 4. 

4. 1.1.6 Injector 

The injector design was based on the triplet injector used on NASA 
Contract 9-15958. The injector was stable under most operating conditions, was in good condi- 
tion at the end of testing and provided 97-99% efficiency. 
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Figure 3. "arbon Deposition LOX/RP-1 Combustor Hardware 
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TABLE 3 

MAIN COMBUSTOR DESIGN CONDITIONS 

Design Pa ramters 

P c = 2,000 psia (1,500 - 2,000 psia) (13-78 MPa (10.34-13.73 MPa)] 


MR = 3.0 (2.0 -4.0) 


W f = 0.555 lb/sec (0.25 kg/sec) 
W Q = 1.665 lb/sec (0.76 kg/sec) 
A, = 0.196 in2 (12.65 cm2) 


D t = 0.50 in (1 .27 cm) 


D c = 2.38 in. (6.05 cm) 
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TABLE 4 

GO 2 /GH 2 IGNITER OPERATING CONDITIONS 

P c = 450 psia 

MR = 1:1 

w f = 0.0471 lb/sec 

w 0 = 0.0471 lb/sec 

Fuel orifice inlet pressure 1 250 psia 

Oxidizer orifice inlet pressure 1,200 psia 

Spark energy - 30 millihjoules 

Spark rate = 500 spks/sec 

Spark voltage = 40,000 volts 

Maximum firing duration - 0.400 sec 
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4.1, Hardware Descriptions (cont.) 

The injector has a 2.18 in. (5.54 err.) face diameter and contained 18 ele- 
ments arranged in a single row. The oxidizer-rich OFO triplet had 0.024 in. (0.061 cm) oxidizer 
orifices and 0.021 in. (0.053 cm) fuel orifices. The element configuration is illustrated in Figure 
4. The injector body is shown in Figure 5. The concentric ring manifold injector is a weldment 
consisting of nickel core body, a solid nickel face plate, and a stainless steel fuel inlet cover. 
Nickel was used as the face material for cooling purposes. All subcomponents were joined by 
electron beam welding. The oxidizer manifold is located in the injector flange, outboard of the 
injector channels. An oxidizer inlet line welded to the flange feeds the manifc'1 via a drilled 
passage. The oxidizer manifold is machined eccentric to the injector axis to provide a constant 
velocity flow configuration. This manifold feeds three radial oxidizer manifolds which in turn 
feed the face ring through th* axially-directed downcomers. The fuel manifold is located on the 
injector’s back surface and has a single inlet which is offset to clear the central igniter. The fuel 
downcomers are fitted between the three radial oxidizer manifolds an connect the fuel manifold 
to the individual face rings. 

The injector body also incorporates instrumentation for measuring propel- 
lant inlet pressures and temperatures. High frequency pressure transducers (Kistlers) pons are 
also located in each of the propellant inlet manifolds. 

4. 1 . 1 .7 Acoustic Resonator and Film Coolant Manifold 

A water-cooled quaner-wave acoustic resonator with an integral fuel-film 
coolant manifold is used to provide combustion stability (see Figure 6). The unit is made out of 
copper to provide maximum cooling margin when the fuel-film cooling circuit is not flowing. 
Eighteen 0.015 in. diameter (0.038 cm) holes directed the film coolant flow against the edge of 
the injector. These 18 atomized jets performed as splash plate elements to uniformly distribute 
the flow around the periphery of the chamber. 

4. 1.1. 8 Turbulence Ring and film Coolant Injection Manifold 

A water-cooled turbulence ring with an integral film coolant manifold is 
used to promote mixing. The copper liner is brazed into a stainless steel flange as shown in 
Figure 7. To promote mixing, the turbulence ring protruded approximately 0.44 in. (1.12cm) 
from the chamber wall into the flow field. The leading square-edge on the turbulence ring has 
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Figure 4. Main Chamber OFO Triplet Element Injector Pattern 
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Figure 6. Resonator/Fuel Film Cooling Manifold 
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4.1, Hardware Descriptions (cont.) 

been machined to a smooth, tapered edge for use in the higher temperature main chamber com- 
bustion gases. The ratio of turbulence ring area to chamber area (i.e. 0.58) is the same as was 
found most effective on previous Aerojet Propulsion Division programs. The integral film 
coolant manifold allows water or any other fluid to be injected at the start and/or trod cf the firing 
to clear the carbon off of the chamber walls. 

4. 1 . 1 .9 Calorimetric Barrel Section 

The combustion chamber consisted of two water-cooled cylindrical barrel 
or L’ (Figure 8) sections which are bolted together. Each of the cylindrical chamber sections has 
a nickel liner designed to operate from 1500 to 1800° F (1090 to 1256K) surface temperature. 

The cylindrical sections use a circumferential coolant flow scheme that 
allows the heat input to be measured at different axial locations. 

The cylindrical chamber sections are designed as series flow calorimeter 
devices. With a series flow calorimeter, the discharge flow from one calorimeter section 
becomes the inlet flow for the next calorimeter section. The coolant temperature is measured 
between the adjoining flow sections. This approach minimized the number of coolant supply 
circuits and flow measurements required on the test stand. 

The two cylindrical chamber sections fabricated are 8 in. (20.32 cm) long 
and 12 in. (30.48 cm) long. The sections are essentially identical except for length and can be 
u~ed together or separately. The two different lengths provided flexibility in the selection of 
chamber L’ section and in the location of the turbulence ring. Because they ar so similar, only 
the 8 in. (20,32 cm) long section is described. 

The slots forming the coolant passages in the liners are machined perpen- 
dicular to the thrust axis. The cylindrical section contained 28 circumferential channels in the 
liner which are split into four coolant circuits in the 8 in. (20,32 cm) barrel section. The 12 in. 
barrel (30.48 cm) section contained 38 circumferential channels which are split into six coolant 
circuits. The calorimeter sections at the ends of the chamber were plumbed separately to provide 
added cooling capability. The middle of the chamber consists of one ciicuit which has three 
calorimeter sections in series and one circuit with two in series. Each inlet manifold, turn- 
around, and outlet is instrumented for temperature measurements and each outlet is instrumented 
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4.1, Hardware Descriptions (cont.) 

for pressure measurement. The cylindrical section is a three-piece brazed assembly. The inner 
liner is made out of nickel while the structural housing is make out of stainless steel. The cir- 
cumferential cooling slots are lathe-turned into the nickel liner. Backside manifolding for the 
coolant channels is accomplished by machining axial passages 180° apart in the sleeve. The 
flame side of the cylindrical section is copper-plated to the thickness of 0 00 ' 0.003 in. 

(0.0025 to 0.0076 cm) two in. (5.08 cm) on the downstream end of the n (20.32 cm) 
calorimeter section. 

4.2 COMPONENT FABRICATION 

4.2.1 Platelets (Metering. Diffuser and Separator) 

The transpire throats used were comprised of 4 and 8 mm thick photoetched 
ZrCu platelets of four different basic designs: metering, diffuser, separator and instrumentation. 
Platelets were stacked in a defined order to control the different coolant flowrate requirements at 
various points in the throat. Several different configuration platelets were required to comply 
with the design coolant flow requirements. The long transpire cooled throat required 106 
platelets and the short 73 platelets. Typical platelet configurations are shown in Figures 9, 10 
and 11. 


4.2.2 P latelets (Thermocouple Assembly) 

The thermocouple plate assembly consists of three photo etched platelets 
with twelve thermocouples brazed into the platelet stack. Several braze experiments were 
required to establish an acceptable procedure. The ideal braze for thermocouple installation U 
360 degree contact between the thermocouple and platelets for the first 1/4 to 1/2 in. at the tip to 
ensure valid Vc: transit! during test. Seven thermocouple platelet stacks of four different con- 
figurations were required for fabrication of both the short and long transpire cooled nozzles. A 
photograph of a typical stack is shown in Figure 12. After assembly and braze, a random check 
of several thermocouples was made and all were found to be operative. It should be noted that 
the 10 mil. thermocouples create a major handling problem due to the delicate nature of the 1.5 
mil. wires used in their fabrication. 



RFT/F0I7J 9«/S 


20 



re 9. Transpiration Platelet p air 






Coi'er 

Platelet 
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4.2, Component Fabrication (cont.) 

4.2.3 Liner Fabrication 

The fab cycle starts by machining the coolant channels into the ZrCu liner. 
OHFC half rings are machined and brazed into the liner forming the calormeter coolant passages. 
During the first liner to half ring braze attempts porosity occurred in the braze bond, in an 
attempt to correct the porosity nicro braze 50 powder was added to the braze joint and the lint 
was subjected to an additional braze cycle. This resulted in the nicro braze 50 powder flowing 
through the Draze joint and partially plugging the flow channel. 

To resolve the braze procedures, a review of the past problems relating to 
brazing of copper and zirconium copper nozzle assemblies was conducted. The procedures used 
to machine, plate and braze nozzle assemblies (as shown in Table 1) were reviewed, and it was 
determined that the key to successful brazing for this type of assembly was (1) close tolerance 
control of ring thickness and nozzle slots, (2) control of nickel-phosphorus composition, (3) 
plating thickness and uniformity, and (4) machining sequence. 

The first r.ozzle liner asrembly attempted (S/N 1) experienced difficulty in 
ring insertion and channel spreading, however, working with a combination of custom fitted 
rings and a liner macnining sequtnee solved the problem. S/N 2 liner nozzle employed essen- 
tially the same procedure as S/N 1, however, rnaterials-of-construction altered the assembly pro- 
cedure. Some leakage was noted on 3/N - after brazing, however it was deemed usable. Note 
that the body was fabricated from Zr Cu. 

It should be noted that Zr-Cu is extremely difficult tc braze under either hard 
vacuum or dry hydrogen conditions. A tenacious oxide film forms during heating. The problem 
is further aggravated when electroless nickel plating is used as the braze filler metal in hard 
vacuum (due to critical vapor pressure for phosphorus). Dry hydrogen brazing of Zr-Cu (using 
electroless nickel) requires that all the Zr-Cu surfaces be plated unless the Zr-Cu is to be joined 
to material such as OFHC copper, then only the Zr-Cu surface requires plating. 

The first prototype nozzle liner assembly (# 3 , Table 5 ) vacuum furnace 
brazed by Thermo Electron leaked after brazing (note that the Zr-Cu liner was unplated). 
Attempts to repair braze the nozzle liner using a nickel phosphorus braze powder (W.C. 50) 
resulted in plugging the coolant channels. Destructive examination of nozzle sample., at Aerojet 
revealed extensive unbonded areas between the Zr-Cu body and the OFHC copper brazed rings. 
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IABUL2 

FABRICATION BRAZE EXPERIMENTS 


Nozzle Assembly #1 


Body 

OFHC Copp- 

Rings 

OFHC Copper 

Plating 

'Elcctroles: Nickel 

Thickness 

Nomina] O.UX>57yurface 

‘Composition 

90% Ni i0% I 

V..P. 

-1750°F(950°Q 

Dry H 2 

-80°F D.P. 

Brazed 

-1850° F/10 min. at temp 

Fit-up 

Light Press Fit 


♦OFHC Rings Plated 

Nozzle Assembly #2 


Body 

Zr Copper 

Rings 

18-8 Stainless Steel 

Plating 

♦Electroless Nickel 

Thickness 

0.0002" to 0.00047Surface 

Composition 

10-12% PBal Ni 

M.P. 

Range Between 1700°-1750°F 

Dry H 2 

-80°F D.P. 

Brazed 

-1850° F/10 min. at temp 

Fit-up 

Light Press Fit/Interference 


♦S.S. Rings Plated 

Nozzle Assembly #3 


Body 

Zr-Cu 

Rings 

OFHC Copper 

Plating 

♦Electroless Nickel 

Thickness 

0.0003” Nominal 

Composition 

10-11% PBal Ni 

M.P. 

-1750°F 

Vac. Brazed 

-1810°F (988 0 C)/5 min at temp 

Vac Pressure 

-1 x 10 -5 Torr Range 

Fit-up 

Loose/Press Fit 


♦OFHC Copper Rir.gs Plated 
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4.2, Component Fabrication (corn.) 


indicating the inability of the molten Ni-P to wet the unplated Zr-Cu. It was at this point that 
Aerojet recommended a series of tests that included plating of the Zr-Cu body and use of dry 
hydrogen brazing. 


Samples prepared by Thermo Electron revealed what was previously conjec- 
tured. That is, Zr-Cu vacuum furnace crazed to Zr-Cu, plating one surface only did not result in 
a good braze. Hydrogen furnace brazed samples of Zr-Cu plated on one surface only revealed 
evidence of only partial bonding, and plating of Zr-Cu against unplated OFHC copper brazed 
completely. 


These results conclusively indicated that in order to dry hydrogen furnace 
braze a Zr-Cu nozzle liner, the liner has to be electroless nickel plated. A test piece simulating 
the nozzle with the deep channels was satisfactorily plated, depositing an overall nominal plating 
thickness of 0.0003 in. 

Utilizing the established machining, plating, fit up and braze procedure, all 
subsequent brazing on liner to half-rings was completed successfully. 

4.2.4 Nozzle Assembly Fabrication 

During the assembly of the transpire cooled throats, the platelets are stacked 
into flow sections with separator platelets isolating the flow sections. Each individual flow sec- 
tion has a separate manifold that is installed dunng the stacking operation. The manifold has 
.013 diameter through holes to accommodate the .010 diameter thermocouple leads. The twelve 
leads are fed simultaneously through the manifold as it is installed over the platelet stack. Due to 
the routing of the leads and the close tolerance in the feed holes, an extremely high stress load is 
placed on the leads. A majority of the thermocouple losses experienced are attributed to this 
operation. After completion of stacking, the transpire coolant manifolds are E B welded. The 
external bolts are installed and the lirer to shell close outs are E B welded. The complete fabri- 
cation cycle is shown in Figure 13. 

After completion of thermocouple terminations, 5 out of 48 thermocouples 
were functional on the long transpire throat nozzle and 3 out of 36 on the short transpire throat. 
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Figure 13. Fabrication Cycle 
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•♦.0, technical Discussion (cont.) 

| 4 3 TEST FACILITIES 

The hot-fire testing was conducted in Bay 6 of the Aerojet Research Physics 
Laboratory. The setup consisted of the fuel and oxidizer feedsystem, a water coolant feedsystem, 
a thrust stand, the hardware and igniter feedsystem and instrument? tion The test bay with carbon 
deposition test assembly installed is shown in Figure 14. The facility has been checked out and 
used extensively to support testing on Contract NAS 8-34715. 

4.3.1 Propellants 

The propellants supplied to the injector conformed to the following. 

4.3.2 Injecto r °vldi7.er 

The injector oxidizer was liquid oxygen (LOX) flowrates varied from 0.80 to 

i .70 Ib/sec. 

4.3.3 Injector Fuel 

The injector fuel was RP-1 (M1L-P-25576). The RP-1 was passed through a 
10-micron filter before entering the igniter. The injector fuel feed system was capable of 
supplying ambient temperature RP-1 to the injector over a pressure range from 1500 to 3000 
psig. The RP-1 flowrates varied from 0.50 to 1.70 lb/sec. 

4.3.4 Igniter Fuel 

The igniter fuel was gaseous hydrogen (GH 2 ) MIL-P-27202B. The GH 2 was 
passed through a 10-micron filter before entering the igniter. The igniter fuel feed system was 
capable of supplying ambient temperature GH 2 to the igniter inlet at approximately 2,500 psia. 
The GHj flowrate was 0.0074 lb/sec. 

4.3.5 Transpire Nozzle Coolant t Methane! 

T! e liquid methane (LCH 4 ) transpire coolant conformed to Propellant 
Methane Type 2 PC-44. The LCH 4 was passed through a 10-micron filter before entering the 
nozzle circuits. The coolant feed system was capable of supplying LCH 4 over a pressure range 
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Carbon Deposition Test Assembly Installed In Test Bay 






4.3, Test Facility (corn.) 


from 1000 to 3000 psia and a temperature range of -250 to -270°F. The LCH4 flowrate was 
0.42 lbs/sec. 

4.3.6 Transpire Nozzle Coolant (RP-1) 

The RP-1 coolant conformed to MIL-P-25576 and was passed through a 10- 
micron filter before entering the nozzle circuits. The coolant feed system was capable of 
supplying ambient temperature RP-1 over a pressure range from 1000 to 3000 psia and a 
flowrate from 0.26 to 0.56 Ibs/sec. 

4.3.7 Propellant Feedsvstem 

A schematic of the propellant feedsystem is shown in Figure 15. The propel- 
lants were supplied to the engine from the pressurized tankage. The oxidizer is pressurized with 
helium and the fuel with nitrogen. Both the fuel and oxidizer tanks and lines are jacketed to 
provide temperature control with liquid nitrogen, as required to condition the propellants. The 
fuel tank capacity is 200 gal. and the oxidizer tank is 50 gal. capacity. Both tanks can be oper- 
and to 5,500 psia. 


The GO2/GH2 igniter was fed propellant from high pressure ‘K’ bottles. 
Sonic verturies were used to control the flowrates. An existing GLA power supply was used to 
provide the required spark energy for ignition. 

'''he liquid methane for nozzle throat transpire cooling was supplied from a 
1500 gal supply tank to a 30 gal run tank. The 30 gal. run tank was pressurized with nitrogen to 
a maximum of 3000 psig. The methane was then supplied to the nozzle coolant circuits. The 
methane coolant circuit was provided with a GN2 purge. The GN2 conformed to MIL-P-274C1 
and was passed through a 10 micron filter before entering the coolant circuits. 

Deionized water for cooling of the thrust chamber components (calorimeter 
chambers, resonators, etc.) was supplied from a 3,000 psi, 180 gallon tank situated adjacent to 
the test bay. This tank feeds an inlet manifold located next to the test stand. This manifold con- 
stitutes a common coolant supply plenum for all circuits in the cooled hardware. Each cooling 
circuit is supplied through its own individual high pressure (4000 psi) flex line leading from the 
manifold to the test hardware. The flow in each circuit is controlled by an orifice in the dis- 
charge side of the circuit. This location for the flow control orifices maintains high pressure in 
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TRANSPIRATION COOLED THROAT 



Figure 15. Propellant System Schematic 





4.3, Test Facility (cont.) 

the cooling circuit and maximizes the burnout safety factor. The individual cooling circuits dis- 
charge through flex lines to a common discharge manifold and thence to a drain. 

4.3.7. 1 Purges 

4.3.7. 1 . 1 Oxidizer Purge 

The oxidizer circuit was provided with a dry GN 2 purge. The GN 2 con- 
formed to specification MIL-P- 27401. It was passed through a 10-micron (nominal) filter before 
entering the oxidizer circuit. Maximum dew point requirement was -50°F. The purge pressure 
provided an oxidizer injector cold-flow pressure of 80 psia. 

4.3.7. 1.2 Fuel Purge 

The fuel circuit was provided with a GN 2 purge. The GN 2 conformed to 
Specification MIL- P-27401. It was passed through a 10-micron (nominal) filter before entering 
the fuel circuit. The purge pressure provided a fuel injector cold-flow pressure of 80 psia. 

4.3.7. 1.3 Igniter Purge 

The igniter fuel and oxidizer circuits were provided with GN 2 purges. 
The GN 2 conformed to Specification MIL- P-27401. The minimum purge pressure was 2,800 
psia. This purge was activated during the testing such that there is no backflow of LO 2 /RP- 1 
propellants or combustion products into the igniter. 

4.3.8 Instrumentadon 


An instrumentation list is provided in Table 6. Figure 16 shows instrumenta- 
tion location. The calorimeter instrumentation consisted of a pressure transducer and thermo- 
couple probe in the coolant water supply manifold, an orifice plate, pressure transducer and 
thermocouple probe in each of the calorimeter channel outlets, and a pressure transducer in the 
coolant water outlet manifold. The bulk temperature rise and flowrate in each channel was used 
to calculate the average heat flux at that location. 

The transpire flowrate instrumentation is illustrated in Figure 17. The mani- 
fold feeding the transpire cooled section contained three orificed circuits controlled by indepen- 
dent remote valves. This configuration allows three different flowrates during any single test. 




33 



INSTRUMENTATION LIST 
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4.3, Test Facility (conL) 

The instrumentation in the existing hardware, viz., the injector and band 
calorimeter sections, was the same as that used on the Carbon Deposition (NAS 8-34715) tests. 

The test hardware was instrumented to measure the injector manifold pres- 
sures, the injector face pressure, and the chamber wall temperatures. The steady-state pressures 
are measured with Taber transducers. 

High frequency injector manifold pressure oscillations were measured using 
Kistler pressure transducers. The Kistler output is recorded on magnetic tape and played back on 
the oscillograph at reduced speed for data analysis. 

Calibration of the test instrumentation was maintained in accordance with 
MIL-C-45662 and standard Aerojet calibration procedures. The instrumentation recording sys- 
tem was calibrated and ranged prior to and after conducting the tests and at any other time 
required in order to ensure data accuracy. The calibration steps was of sufficient number and 
magnitude to fully define deviations of the instrumentation system and was identified by parame- 
ter and sequence. 

4.4 NOZZLE TESTING 

4.4.1 Calorimeter Nozzle Testing 

4.4. 1 . 1 Cold Flow Water Tests 

The calorimeter circuits were water florvcd to establish a Kw value for 
each independent circuit. This Kw data compared to the predicted valves within expected 
results. The ineasured Kw circuit values were used tc compute flowrate during hot fire testing. 

4.4. 1 .2 Calorimeter Hot Fire Testing 

The combustor consisted of an H 2 /O 2 igniter assembly, an OFO LOX/RP- 
1 triplet injector, a water cooled copper acoustic cavity and fuel film coolant manifold, and two 
water cooled cylindrical nickel sections, as described in section 4.1 of this report. This hardware, 
designed for the ongoing Carbon Deposition program, had been run previously at main chamber 
conditions and was considered to be a well characterized, non-streaking injector. The injector 
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4.4, Nozzle Testing (cont.) 


propellant fiowrate was about 1.7 lb/s at ’500 psi. The heat transfer characteristics of the injec- 
tor are discussed in Ref 2. 

Twelve calorimeter t/sts were run, as summarized on Table 7. Four tests 
were run at 1000 psi chamber pressure to check out the rig and to provide low chamber pressure 
heat flux data. The remaining tests were run at 1500 psi chamber pressure and oxygen to RP-1 
fuel mixture ratios of 2.4 to 3.8. Throat heat fluxes varied from 60 to 82 BTU/in 2 -s. Since ihe 
throat cooling circuits were designed for a maximum mean heat F.ux of 78 BTU/in 2 -s, per Ref. 3, 
it was decided nor to test at 2000 psi chamber pressure as originally planned. The extrapolated 
heat flux for 2000 psi chamber pressure is 103 BTU/in 2 -s assuming heat flux varies as the 0.8 
power of chamber pressure. The planned test duration was 20 seconds per test, but several tests 
were shut down by the CSM (combustion stability monitor). Similar CSM shut downs occurred 
on the Carbon Deposition program. On test no. 1 14, there was a loud hum, but no CSM shut 
down, at 14 seconds until end of test During the hum, throat and convergent section heat fluxes 
increased 20 percent. 


The maximum throat heat flux at 1500 psi chamber pressure was 82.3 
B/in 2 -s on test no 111. Throat heat fluxes are listed for both start and end of test, where “start” 
is 3 to 5 seconds into the test, and “end” is the last data point prior to shut dowr,. On test nos. 

107 to 1 14 there was a 2 to 13 percent increase in heat flux from beginning to end of test. On 
test nos. 1 15 to 1 17 this trend reversed itself and the heat flux went down about 15 percent from 
beginning to end of test. 

Calorimeter channel axial locations and area ratios are listed in Table 8. 

The axial distance of a channel was defined at the intersection of a line 
normal to hot gas side channel wall and the hot gas surface. Calorimeter design detail was taken 
from drawing nos. 1203144 and 1203145. The surface area is the hot gas wali area cooled by the 
circuit. 


Heat fluxes were calculated from the measured cooling water bulk tempera- 
ture rises and flowrates using eq. (1) below. 


Q/A - w Cp (Tom -Tj n ) 


( 1 ) 
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TABLE 7 


SUMMARY OF OPERATING CONDITIONS FOR CALORIMETER 
NOZZLE HOT FIRE TESTS 


Test No. 

Dur 

(s) 

PC 

(psia) 

O/FMR 

Start QA EnAQ/A 
*BTUAn 2 -s* 

Comment 

106 

2.0 

967 

2.4 



Check out test 

107 

20.0 

990 

3.8 

40.6 

45.7 


108 

20.0 

978 

2.7 

50.0 

56.3 


109 

2.0 

1520 

2.5 



Check out test 

110 

2.8 

1498 

3.2 


78.6 

Shut down on 1L 

111 

13.6 

1500 

3.2 

80.1 

82.3 

Shut down on 1L 

112 

20.0 

1505 

3.2 

75.5 

77.2 


113 

8.1 

1519 

2.8 

75.1 

76.3 

Shut down on 1L 

114 

20.0 

1487 

2.6 

71.8 

72.9 

Loud hum@ 14 sec 

115 

20.0 

1486 

3.8 

67.6 

60.0 


116 

20.0 

970 

3.3 

56.2 

49.9 


117 

20.0 

1507 

3.4 

80.6 

68.3 
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TABLE 8 

CALORIMETER CHANNEL AXIAL LOCATION 


Circuit No. 

Axial Dist 
(in) 

Dist. to Throat 
(in) 

Wall Radius 
(in) 

Area Ratio 

Surface Area 
(in 2 ) 

2 

2.527 

-.653 

.602 

5.80 

.691 

3 

2.682 

-.198 

.512 

4.19 

.569 

4 

2.825 

-.355 

.430 

2.96 

.393 

5 

2.940 

-.240 

.364 

2.12 

.284 

6 

3.035 

-.145 

.309 

1.53 

.202 

7 

3.145 

-.035 

.255 

1.04 

.180 

8 

3.235 

055 

.255 

1.04 

.177 

9 

3.343 

.163 

.304 

1.48 

.233 

10 

3.470 

.290 

.368 

1.47 

.337 

!1 

3.600 

.420 

.434 

3.01 

.438 

12 

3.742 

.562 

.506 

4.10 

.465 

13 

3.872 

.692 

.572 

5.23 

.547 
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4.4, Nozzle Testing (cont) 

Frictional heating and water inlet temperature variation effects were negligible. Water flowrates 
were calculated from the measured pressure drops across the individual circuits using pre-test 
cold flow data. Surface areas were obtained from Table 7. Reference wall temperatures were 
not calculated. 

4.4. 1.3 Calorimeter Hot Fire Test Data Analysis 

A review of the appended calorimeter data plots reveals that heat fluxes 
upstream from the throat, measured by circuits 02 to 06, show beginning to end of test variation, 
similar to the throat heat flux, circuit 07. Heat fluxes downstream from the throat, circuits 08 to 
13, did not vary from beginning to end of test, nor did they increase during the hum on test no. 
114. 


Figure 18 shows a comparison of measured and predicted heat flux versus 
axial position for test no. 1 12. Predicted heat fluxes were obtained from Ref. 3, calculated using 
the SCALE integral boundary layer model with Cg correction factors based on Carbon 
Deposition calorimeter heat flux data. The measured throat heat flux is 20 percent greater then 
the SCALE prediction, but convergent section heat fluxes are up to 50 percent less than pre- 
dicted. The low convergent section heat fluxes may indicate un burned propellant. These propel- 
lants could be burning in the throat, which accounts for the high throat heat flux. 

4.4.2 Transpiratio n Coded Nozz le Testing 

4.4.2. 1 Cold Flow Water Test 

The calorimeter and transpire circuits were flowed independently to estab- 
lish a Kw value for each circuit. These Kw values were within predicted values and were used to 
calculate flowrates during hot fire testing. 

4.4.2.2 Methane Transpiration Cooled Hot Fire Testing 

On the initial attempts to hot fire the main combustor, ignition was not 
obtained. This resulted in the major share of the methane coolant being expended during the 
bleedin/chilldown cycle for the attempted tests. The lack of ignition was attributed to the ignitor 
assembly. To correct the problem, the spark plug was replaced and propellant inlet pressures 
adjusted to reduce ignitor chamber pressure. 
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SCALE PREDItl ED HEAT PLUX 









4.4, Nozzle Testing (corn.) 

A single five second short duration test was completed before the methane 
was expended. The primary purpose of this test was for system and nozzle check out. Coolant 
flowrate was purposefully set high at 0.27 lbs/sec. This flowrate resulted in a throat wall temp- 
erature of -169°F, compared to a design allowable temperature of 900°F. The methane data plot 
from test 1 19 is appended. This data was insufficient to perform meaningful analysis. 

4.4.2. 3 RP- 1 Transpiration Cooled Hot Fire Testing 

After the methane tests, RP-1 transpiration cooling tests were begun. On 
the second test, the 12 in. calorimeter nickel barrel section burned through and the test program 
was terminated. The post test condition of the nozzle was excellent. There were no eroded areas 
or plugged slots. The throat wall temperature was about 200° F on both tests. The RP-1 transpi- 
ration flowrate was 0.21 !b/s, or 1 1 percent of total propellant flowrate. Of this total, about 0. 15 
lb/s or 8 percent of total propellant flowrate came from the first three compartments covering - 
0.7 in. just upstream from the throat. This is the relevant transpiration flowrate for analytical 
anchoring and extrapolation to full scale. The .06 lb/s flowrate in the fourth section downstream 
from the throat is a feature of the bench test design. A full scale engine would probably be regen 
cooled in this section. 

For a 0.! 5 lb/s RP 1 transpiration flowrate, the TRANSP2 predicted throat 
wall temperature is about 900° F, compared to 200° F measured. The difference between the 
predicted and actual wall temperature is attributed to an RP- 1 liquid layer at the wall not 
accounted for in the TRANSP2 one-dimensional gaseous analytical model. The data ..as corre- 
lated by a two-dimensional liquid layer heat sink model, but the lack of additional flowrate data 
points makes extrapolation uncertain. If the liquid layer heat sink model correlation is assumed 
accurate, the throat flowrate can be reduced to .05 lb/s with a coking limited design allowable 
wall temperature of 550° F. This is a 67% reduction m RP-1 transpiration flowrate compared to 
the flowrate tested. 


Using the liquid layer heat sink model further, the RP- 1 transpiration 
flowrates for a full scale 750 Klbf LOX/RP-1 engine were recalculated. The new transpiration 
flowr?.ies arc about 35% less than the flowrates in Ref. 1. The revised maximum Isp increase for 
an RP-1 engine is 10.2 seconds at 2804 psi chamber pressure, compared to 3.0 seconds in Ref. 1 
over a pure regen cooled design. The following discussion is based on a review of the RP- 1 
cooling data from test nos. 124 and 125. Both the methane and RP-1 data plcts are appended. 
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4.4, Nozzle Testing (corn.) 

Operating conditions for the two RP-1 tests are listed on Table 9. The planned test duration was 
60 seconds. During this run time, three different coolant flowrates were to be tested, starting 
with maximum flowrate, then throttling down at 20 and 40 seconds. However, on test no. 124, an 
operating limit kill was encountered after the first 20 seconds, and on test no. 125 the 12 in. bar- 
rel section failure shut down the test at 13 seconds. Therefore, only one flowrate was run on 
each test. 


There were three operational thermocouples which provided wall tempera- 
ture data. Their axial and radial thermocouple placement is listed in Table 10. 

The thermocouple of primary interest is TNC10C since it is closest to the 
hot gas wall in the throat where the maximum heat flux occurs. On test no. 124 the maximum 
temperature at TNC10C was 169° F. The RP-1 transpiration coolant flow was 0.26 lb/s. On test 
no. 125, the maximum temperature at TNC10C was 177°F and the RP-1 transpiration flowrate 
was 0.21 lb/s. There were other thermocouples installed in the nozzle, but only the three listed 
above were operational. 

The RP-1 transpiration coolant distribution for test no. 125 is shown in 

Table 11. 


In this report, the flow sections are numbered in the hot gas flow direction, 
i.e., section 01 is closest to the injector. For clarity, the upstream axial distance for each section 
is given. There was 0.15 lb/s of RP-1 injected from sections 01, 02 and 03, which cover -0.7 in. 
upstream from the throat. This flowrate maintains the throat temperature as measured by ther- 
mocouple TNC10C. The RP-1 flowrate from section 04 is injected downstream from the throat 
and therefore does not affect throat temperature. 

Since only the total RP-1 coolant flowrate was measured, the RP-1 flowrate 
distribution had to be determined analytically. The calculation was made using the Ref. 5 
hydraulic model modified by a 0.7 flowrate correction factor based on cold flow data. A com- 
plete summary of flowrate by platelet is given in Table 12. 

The TRANSP2 predicted wall temperature for an RP-1 transpiration 
flowrate of 0.15 lb/s RP-1 is 900° F. Thus, the analytical model appears to contain a significant 
error. One possible explanation for the difference between measured and predicted wall 
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TABLE 9 

OPERATING CONDITIONS FOR RP-1 TRANSPIRATION COOLING TESTS 



Test No. 124 

Test No. 125 

Chamber Pressure 

1538 

1536 PSIA 

Mixture Ratio 

3.5 

3.5 

OX Flowrate 

1.35 

1.34 LB/S 

RP-1 Fuel Flowrate 

0.38 

0.38 LS/S 

RP-1 Transpire Flowrate 

0.26 

0.21 LB/S 

Duration 

20 

13 SEC 

Throat Temperature 

169 

176 F 
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TABLE IQ 

THERMOCOUPLE LOCATION 


Axial Dist. from Radial Dist. from Test No. 124 Test No. 125 


T/C No. 

Throat (in) 

h..Gas (in) 

Temperature (F) 

Temperature (F) 

TNC10C 

0 

0.05 

169 

177 

TNC11C 

0 

0.15 

115 

122 

TNC13D 

0.180 

0.05 

112 

113 
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TABLE 11 

RP : TTANSPIRATION COOLANT FLOWRATE SUMMARY 
BY SECTION FOR TEST KEE4-D01-0A-125 

Manifold 


Section No. 

Axial DisL (in) 

Cooled Length (in) 

Pressure (PSIA) 

Flowrate (lb/s) 

1 

-0.70 

0.27 

1966. 

0.0434 

2 

-0.43 

0.23 

1966. 

0.0498 

3 

-0.20 

0.20 

1966. 

0.0533 

4 

0.20 

0.20 

1966. 

0.0600 


TOTAL 0.21 
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I 

i 

Table 12. Calculated RP - 1 Coolant Flowrate Diatribution 
i for Test No. KEE4 - D01 - OA - 125 


METER AXIAL 
NO DIST 

(IN) 

AREA 

RATIO 

MANIFOLD WALL 
PRESS PRESS 

(PSI) (PSD 

DELTA 

PRESS 

(PSD 

FLOW 

RATE 

(LB/S) 

SECTION 01 






1 

2.482 

6.31 

1966.0 

1508.4 

457.5 

0.00418 

2 

2.502 

6 . 08 

1966.0 

1507.7 

458.3 

0.00419 

3 

2.530 

5.76 

1966.0 

150^.9 

459.1 

0.00419 

4 

2.558 

5.46 

1966.0 

1505.4 

460. C 

0.00420 

5 

2.586 

5.16 

1966.0 

1504.6 

461.3 

0.00420 

6 

2.614 

4.87 

1966.0 

1503.1 

462.8 

0.00421 

7 

2.642 

4.59 

1966.0 

1501.6 

464.4 

0.00422 

8 

2.670 

4.32 

1966.0 

1499.3 

466.6 

0.00423 

9 

2.698 

4.05 

1966.0 

1497.1 

468.9 

0.00425 

10 

2.726 

3.80 

1966.0 

1494.8 

471.1 

0.00555 

SECTION 02 






11 

2.762 

3.48 

1966.0 

1490.2 

475.7 

0.00428 

12 

2.790 

3.24 

1966.0 

1486.4 

479.5 

0.00430 

13 

2.818 

3.01 

1956.0 

1481.1 

484.8 

0.00564 

14 

2.846 

2.79 

1966.0 

1475.1 

490.9 

0.00560 

15 

2.874 

2.58 

1966.0 

1468.2 

497.7 

0.00573 

16 

2.902 

2.38 

1966.0 

1459.2 

506.8 

0.00579 

17 

2.930 

2.18 

1966. C 

1447.8 

518.2 

0.00767 

18 

2.958 

1.99 

1966.0 

1432.6 

1 3.4 

0.01068 

SECTION 03 






19 

2.994 

1.77 

1966.0 

1408.4 

557.6 

0.00801 

20 

3.022 

1.60 

1966.0 

1381.1 

584.9 

0.00824 

21 

3.050 

1.44 

1966.0 

1343.2 

622.8 

0.00856 

22 

3.078 

1.29 

1966.0 

1287.8 

678.1 

0.00690 

23 

3.106 

1.17 

1966.0 

1216.6 

749.3 

0.00732 

24 

3.134 

1.08 

1966.0 

1116.5 

849.4 

0.C0606 

25 

3.162 

1.04 

1966.0 

1059.7 

906.3 

0.00820 

SECTION 04 






26 

3.198 

1.00 

1966.0 

877.0 

1089.0 

0.00914 

27 

3.226 

1.04 

1966.0 

686.0 

1279.9 

0.00772 

28 

3.254 

1.10 

1966.0 

582.1 

1383.8 

0.00803 

29 

3.282 

1.18 

1966.0 

495.0 

1470.9 

0.00838 

30 

3.310 

1.32 

1966.0 

397.2 

1568.7 

0.00870 

31 

3.338 

1.46 

1966.0 

332.8 

1633.1 

0 . 0089! 

32 

3.366 

1.62 

1966.0 

279.7 

1686.2 

0 . 0090d 
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4.4, Nozzle Testing (cont.) 

temperatures is that tlu TRANSP2 calculation did not include RP-1 liquid layer effects. This 
hypothesis is examined in the data correlation section below. 

A transient analysis of the thermocouple temperature data from test no. 125 
indicates a throat heat flux of alx'ut 2.5 BTU/in 2 -s. This is a 97% reduction compared to 80 
BTU/in 2 -s without RP-1 cooling. The transient analysis was performed using the IMPL fin 
model. Several combinations of heat transfer coefficient and hot gas temperature fit the data, as 
show n if Figure 19. Thus, although the v'all heat flux can be calculated from the data, it is not 
possible to separate the wall recovery temperature and heat transfer coefficient. 

Data Correlation 

Ref. 5 used a modified porous wall analytical model, TRANSP2, to predict 
transpiration flowrates for the subscale nozzles. In this model, the hot gas side heat flux is 
reduced from the no blowing value using a blockage correlation derived from sintered wall 
gaseous cuoling data. On the coolant side, a fin model is used to calculate the coolant blowing 
'-ore gas recovery temperature. In other words, all heat flux reductions are lumped into the heat 
transfer coefficient. 


RP-1 is injected as a liquid, and probably forms a liquid layer next to the 
wall. Thus, as in liquid film coo'ing, the primary wall protection mechanism may be wall film 
temperature reduction. This would be especially likely for high coolant flowrates where most of 
uic liquid carries over from upstream injection. For thin liquid layers there are several analytical 
methods. Ref. 6 assumes a diffusing coolant vapor at the surface which reduces the wall heat 
flux in the same manner as in transpiration. Ref. 7 treats the liquid layer . s an isothermal heat 
sink and imposes an empirically derived efficiency methods assume an adiabatic wall. 

Neither of the above methods fuily describe the present case. Because the 
nozzle wall is not adiabatic, it is necessary to predict both the hot gas side V at transfer coeffi- 
cient as well as the RP-1 layer temperature to perform a wall eneigy balance. The heat transfer 
coefficient cannot be easily calculated since it requires an estimate of the velocity and tempera- 
ture boundary layer profile in the liquid layer. No such information is readily available. 

It is possible to calculate the RP-1 layer bulk temperature if an energy bal- 
ance with the core gas is assumed wherein the heat flux to the annular liquid RP-1 layer is equal 
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4.4, Nozzle Testing (cont) 




to the heat flux to a solid wall. The heat load can then be taken directly from the calorimeter 
nozzle heat load data. For test no. 117, where the injector mixture ratio was 3.4, the heat load up 
lo the throat was 31.4 BTU/s. This heat load is assumed for test no. 125 since the chamber 
pressure and mixture ratio were about the same. For test no. 125, the RP-1 flowrate up to the 
throat was 0.15 lb/s. Thus the calculated energy balance RP-1 layer bulk temperature at the 
throat is 460° F, using an average specific heat of 0.55 BTU/lb-F. The RP- 1 temperature is 
higher than the wall temperature because the wall is internally cooled by RP- 1 forced convection. 
If the 460° F bulk temperature is used as the driving temperature for heat transfer, a heat transfer 
coefficient of .01 BTU/in^-s-F is inferred from the transient data. Now, if the heat transfer coef- 
ficient is assumed constant, and the above method is repeated, the predicted flowrate for a 550° F 
wall is .05 lb/s, or about 67% less than the 0. 15 lb/s throat flowrate on test no. 125. 

The liquid layer model used above is a simple model which does not treat 
any of the gas and liquid dynamics. It is unlikely that such a model would correlate data 
obtained over a wide range of coolant flowrates. If future tests are conducted and the data is not 
''orrelated by the heat sink approacn, it may be useful to modify TRANSP2 to account for liquid 
layer effects. These include: (1) liquid layer build up similar to downstream cooling in the 
gaseous model; (2) heat transfer reduction at the core gas interface due to RP- 1 vapor, similar to 
the current gaseous blockage model; and (3) liquid layer boundary layer analysis to determine the 
wall heat transfer coefficient 

Full Scale Engine Coding 

RP-1 transpiration flowrates for a 750 Klbf engine were reported in Ref 1, 
i able 8. Flowrate requirements varies from 32.2 lb/s to 21 1 Ib/s, or l .2 to 8.5 percent of total 
propellant, depending on cooled length. A coking limited 550° F wall temperature wzs assumed 
for the hot gas wall with RP-1 transpiration. RP-1 flowrates were recalculated using the liquid 
layer heat sink approach described above and were found to be reduced by about 35%, as shown 
in Table 13. The new RP-1 flowrates are 0.8 to 5.9 percent of total propellant flowrate. The 
maximum sea level Isp increase is 10.2 seconds when the cooled length is 32 in. The previous 
maximum Isp increase was 3 seconds. The reason for the large change in Isp increase is that RP 
1 transpiration is assumed to make no contribution to thrust. Therefore a reduction in RP- 1 tran- 
spiration flowrate causes a proportional increas, in Isp. In the above calculations, the liquid 
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TABLE 13 

NEW BASELINE SPECIFIC IMPULSE INCREASE WITH RP-1 COOLING 

Transpiration 


PC (psi) 

L Prime (in) 

Cboled 
Length (in) 

Flowrate 

(lb/s) 

% Total 
Propellant 

ISP (sec) 

Delta ISP 
(sec) 

1000 

31.0 

0 

0 . 

0 . 

275.2 


1192 

29.5 

7 

22. 

0.8 

276.5 

1.3 

1604 

27.2 

17 

59. 

2.3 

279.3 

4.1 

2004 

25.6 

25 

101. 

4.0 

282.0 

6.8 

2804 

23.2 

32 

135. 

5.9 

285.4 

10.2 
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4.4, Nozzle Testing (com.) 


layer heat transfer coefficient to the wall was set equal to the core gas wail heat transfer coeffi- 
cient from the SCALE computer program. 

For the case where RP-1 chamber pressure is maintained at 1000 psi, the 
iurbopump discharge pressure car. be reduced from 8000 psi to 4010 psi with an associated RP1 
rm. spiration flowrate of 80 Ib/s, compared to 120 lb/s previously. The new performance loss for 
this case is 8 seconds. 

A note of caution needs to be added in regards to the use of the above data. 
Although these preliminary RP-1 data appear promising, the single data point and the lack of a 
verified analytical model makes extrapolation highly uncertain. The predictions for the full scale 
engine should therefore be regarded as preliminary and further investigations undenaken to 
enlarge the available database. 
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APPENDIX A 

SYMBOLS, NOMENCLATURE 
AND UNIT CONVERSION FACTORS 


► 


an7Fui75.»~App/i 


A-l 


LIST QF SYMBOLS 


B 

XySto, blowing parameter 

B' 

X/St, reduced blowing parameter 

Cp 

specific heat 

F 

thrust 

h 

enthalpy 

ISL 

sea-level specific impulse 

k 

thermal conductivity 

m 

molecular weight 

M 

Mach no. 

MW 

molecular weight 

Pc 

chamber pressure 

Pr 

Prandtl number 

q 

heat flux 

r 

fin equation coefficient 

Re 

Reynoi.' number 

St 

Stanton number 

T 

temperature 

u 

velocity 

w 

flowrate 

X 

(pu)c/(pu)e, injection ratio 

e 

exit area ratio 

P 

Subscripts 

density 

c 

coolant 

cm 

coolant manifold 

cr 

critical 

e 

boundary layer edge 

o 

without blowing 

r 

recovery 

T 

total 

TC 

transpiration coolant 

w 

wall 
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NOMENCLATURE 


AN 

Air Forcc/Navy Standard fitting 

At 

Throat area 

APD 

Aerojet Propulsion Division 

BOSF 

Burn Out Safety Factor 

CdA 

effective area for fluid flow 

Cg 

hg (experimental/hg (theoretical) 

Cg, in 

hg (experimental/hg (theoretical) 

Cp 

specific heat at constant pressure 

cc* 

characteristic velocity 

C*gas 

■»as characteristic velocity 

C*tcst 

characteristic velocity from rest data 

C*ODE 

characteristic velocity from ODE 

C/H 

carbon to hydrogen mole ratio 

CH4 

chemical formula for methane 

C 2 H 2 

chemical formula for acetylene 

C2H4 

chemical formula for ethylene 

C2H6 

chemical formula for ethane 

C 3 H6 

chemical formula for propylene 

C 3 h 8 

chemical formula for propane 

C12H26 

chemical formula for RP 1 

Dfc 

chamber diameter 

Dia 

diameter 

Do 

oxidizer injector orifice diameter 

Df 

fuel injector orifice diameter 

D, 

throat diameter 

EB 

Electron Beam Welding 

EDM 

Electro Discharge Machining 

FFC 

fuci film cooling 

FOF 

fuel-oxidizer fuel injector pattern 

FRCM 

Fuel Rich Combustion Model 

FTY 

yield strength 

gc 

gravitational constant 

GG, gg 

gas generator 
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GH 2 , gH 2 

gaseous hydrogen 

gn 2 

gaseous nitrogen 

GOX 

gaseous oxygen 

h 2 

hydrogen 

h 2 o 

water 

HC 

hydrocarbon 

h g 

heat transfer coefficient 

Isp 

specific impulse 

JANNAF 

Joint Army, Navy, NASA, Air Force 

KOJ 

Kistler high-frequency pressure transducer-oxidizer 

KFJ 

Kistler high-frequency pressure transducer-fuel 

Kw 

hydraulic admittance 

LTD 

length-to-diameter ratio 

lh 2 

liquid hydrogen 

LNG 

liquified natural gas 

L’ 

chamber length 

L0X,L0 2 

liquid oxygen 

1L 

first longitudinal mode instability 

Minncr 

momentum through inner circle of injection elements 

Moutcr 

momentum through outer circle of injection elements 

MR 

mixture ratio 


gas mixture ratio 

MRGG 

gas generator mixture ratio 

MW 

molecular weight 

NASA/LeRC 

NASA Lewis Research Center 

NBP 

normal boiling point 

Ni 

chemical symbol for nickel 

nom 

nominal 

Qz 

chemical formula for oxygen 

O/F, \v 0 Jwf 

mixture ratio 

ODE 

One Dimensional Equilibrium 

OFHC 

oxygen-free high-conductivity copper 

OFO, O-F-O 

oxidizer-fuel-oxidizer injector pattern 

OMS 

Orbital Maneuvering System 

ox, OXID 

oxidizer 

P c or PC 

chamber pressure 
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Pccav 

PcavHF 

Pcoolant in 

Pcoolamout 

PCTSD 

PCTSU 

Pk-to-Pk 

PFJ 

Pgas 

Pin 

Pmanifold out 

FOJ 

PRTSC 

PWC 

PWI 

R 

RAD 

RP-1 

SINDA 

Tgas 

TCorT/C 

TCA 

Tcodantin 
Tcooiant out 
TCR 
TIG 

Tmanifold out 

TRAN72 

TWC 

V c 

Wf 

W 0X or Wo 
w t , WTOT 


pressure in acoustic cavity (Taber transducer) 
pressure in acoustic cavity (Kistler transducer) 
coolant inlet pressure 
coolant outlet pressure 

chamber pressure downstream of turbine simulator 

chamber pressure upstream of turbine simulator 

peak-to-peak 

fuel injection pressure 

gas pressure 

inlet pressure 

manifold outlet pressure 

oxidizer injection pressure 

PCTSD/PCTSSU 

pressure of water coolant 

inlet pressure of water coolant 

gas constant 

radius 

hydrocarbon fuel similar to kerosene 

Systems Improved Numerical Differencing Analyzer 

gas temperature 

thermocouple 

thrust chamber assembly 

coolant inlet temperature 

coolant outlet temperature 

thermocouple reading 

Tungsten Inert Gas Welding 

manifold outlet temperature 

computer program to calculate thermodynamic and 
transport properties of complex mixtures 

temperature of water coolant 

chamber volume 

fuel flow rate 

oxidizer flow rate 

total flow rale 
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Zr-Cu, ZrCu 


zirconium-copper alloy 

AH 


enthalpy 

AP 


pressure drop 

Tic* 


C*test/ c *ode 



area ratio in convergent section 

£c 


area ratio in divergent section 

Y 


gas specific heat ratio, Cp/c v 

<Pg 


gas side heat flux 

P 


fluid denisty 

X 


gas residence time 


UNIT CONVERION FACTORS 
(ENGLISH TO SI) 

1 Btu/in. 2 -s 

= 

0.163 kW/cm 2 

1°F 

= 

32 + 1.8 (°K - 273) 

1 ft/s 

= 

30.48 cm/s 

1 in. 

= 

2.54 cm 

lkcal/mol 

= 

4.184 kJ/mol 

1 lbm/s 

= 

0.45359 kg/s 

1 psi 

= 

0.006895 MPa 
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Hardware Drawings 
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Drawing Mo* 
1203144 
1202345 
1203147 
1203148 
1203149 
1203151 
1203153 
1203146 
1204604 


Transpiration and Calorimetric Cooled Nozzle Assy 

Liner Assembly and Details 

Housing 

Platelet Stack Assy 

Platelet Separatca Assy 

Ring, Platelet Manifold 

Tube Assy 

Manifold Cylinder 

Adaptor, Fitting Instrumentation 


Carbon Deposition Hardware 


1195815 

Thrust Chamber Assembly 

1195813 

Chamber Barrel Section 

1195777 

Injector Assembly (Fine Pattern) 

1195812 

Resonator Ring Fuel Film Cooling Assy 

1195851 

Turbulence Ring Fuel Film Cooling Assy 

1195852 

Resonator Tuning Ring 


L 
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HOT FIRE TEST DATA PLOTS 
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BASELINE FULL-SCALE DESIGN ANALYSIS 
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BASELINE FULL-SCALE DESIGN ANALYSIS 


Qramgar 

Throat transpire c'V'lfrg allow; Higher chamber pressures by eliminating che hign pressure 
drop asr jciated with tne high vele- r-~;:-ccv L- tlucai section. The primary penorrnance 
benefit of the higher chamber pressure is derived from the increased expansion ratio available for 
the booster engine which must operate at sea level atmospheric pres^^res without nozzle flow 
separation. A small performance benefit is also derived from decreased kinetic and boundary 
layer losses. 

Figure D-l shows the hypothetical increase in sea- level specific impulse with chamber 
pressure for an all-regen LOX/RP-1 booster operating at a mixture ratio of 2.8. A 40-second 
increase in specific impulse is possible if the chamber pressure is increased from 1000 psi to 4000 
psi. The exit area ratio increases from 17.2 to 51.9. Because transpire coolant does not fully mix 
and bum with the core flow, the net gain in specific impulse with transpiration is less than the 
theoretical gains shown in Figure D-l. The objective of the performance analysis was to quantify 
the ne" performance gain as a function of transpire flowrate. As shown late r , it is possible to 
increase the performance of a methane chamber by 8.2 seconds by increasing the operating 
pressure from 3600 psi, the all-regen limit, to 5664 psi. The performance of an RP- 1 chamber 
can be increased by 14.8 seconds by using LOX transpire to increase the chamber pressure from 
.000 psi tc „i04 psi. 

If an increase in engine system life, rather than specific impulse, is the primary objective, the 
pressure drop savings can be used to reduce turbopump discharge pressure requirements. For 
chambers operating at their all-regen pressure limit, pressure loss savings and hence pump life 
increases can be significant. For a 750 klbf RP-1 engine operated at 1000 psi chamber pressure, 
th ; all-regei - rssure loss is 3900 psi. Because pump life is proportional to the one-third power 
of pumr •’ischarge pressure, a nearly tenfold increase in life is possible for the RP-1 pump. 

Performance Analyt ical Model 

The chamber geometry was patterned after the STBE chamber design shown in Figure D-2, 
v ith a 2.8 cont. action ratio and a 90 percent bell nozzle contour. The propellant mixture ratios 
and C* efficiencies are listed in Table D-l. The C* efficiencies are iong-term values defined by 
W" A for use in LOX/Hydrocarbon studies. Chamber L prime was calculated using 
equation (1). 
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Figure D - 1 . increasing Chamfer Pressure Provides Significant Ssa Level 
Specific Impute* Increase 


Lox/RP-1 @ 2000 ptl 


-« Chamber 


Qa* 




Nozzle \-t*j 


Generator 



Figure D - 2. STBE Tri-Propellant Engine Geometry 
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Table D - 1 


Propellants, Mixture Ratios, and C* Efficiencies 
Defined for Study 


PROPELLANTS 

MIXTURE RATIOS 

C* EFFICIENCIES 

LOX/METHANE 

3.5 

.99 

LOX/ PROPANE 

3.1 

.98 


LOX/RP-l 


2.8 


.97 



( 1 ) 



L' = -5.743 + 3.01 



The performance of the all-rege.i chambers was calculated usuig the TKAN72 and ROCKET 
codes. TRAN72 was used to find the exit area ratio, assuming a 6 psi ODE exit pressure. 
ROCKET contains data compiled from ODK into performance tables for a wide range of mixture 
ratios, chamber pressures and area ratios, as shown in Table D-2. ROCKET was used to 
determine throat size and thrust. After compiling initial data it was observed that for a given 
chamber pressure, there was less than 2 percent variations in exit area ratio and throat size for the 
three propellant combinations. Therefore, average values were calculated and used. As a result of 
using average values, it was possible to define chamber geometries based on chamber pressure 
only. 


Selected LOX-methane cases were run using TDK to compare with the ROCKET 
calculations, and it was determined that the ROCKEr data were accurate within 1 percent. Baseo 
on these data, the ROCKET code was •'dequatc for the ourposes of this study. 

The specific impulse with transpire cooling was calculated using the gas generator option of 
the ROCKET code. The following assumptions were made. 

( 1 ) No mixing or heat transfer between coolant and boundary layer gas. 

(2) Coolant specific heat independent of temperature. 

(3) One-dimensional expansion of coolant from chamber pressure to 6 psia. 

(4) Coolant dump location not accounted for. 

(5) Presence of secondary flow does not affect primary stream performance loss factors. 

Because transpire coolant velocities are low, about 10 fps, coolant to core momentum ratios 
are also low. It was therefore assumed that the coolant will not penetrate the core gas. RP- 1 
transpire was modeled differendy because it is injected at subcritical temperatures whereas the 
othei coolants arc supercritical. RP-1 transpire cooling loss was modeled as a mass defect phe- 
nomenon, i.e., no penetration into the boundary layer and no contribution to thrust. 
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Table P - 2 

OtJK ^<hiormanc® Table for Three GornWr^uons 


Propellant 

Combination 

O/F 

.. Ifang* 

Po 

R*n$* 

E 

Range 

Lox/RP-1 

.22-10.0 

20 - 5000 

1 -3000 

Lox/'CH 

4 

0.6 -4.5 

20 - 5000 

1 -3000 

LOX/C 3 H 8 

0.6 - 6.0 

100 - 3000 

40 - 4000 


tog 407.811 



Heat Transfer Analytical Model 


Gas-side heat transfer coefficients were calculated using an integral energy boundary i?.y~r 
meoKKi contained in the SCALc. computer program. The SCALE anaiytica. model uses a serm- 
empincal relation between Stanton number and boundary layer energy thickness, as ..hown in 
equation (2), 

St = C Rej- 0 - 25 PrO- 67 (2) 

in which the correlation coefficient C is defined from subscale chamber data. This coefficient is 
partitioned into two components, one dependent on axial distance to represent injector effects, and 
the otner dependent on Mach number to represent flow acceleration. The boundary teye* starts at 
ihe beginning of the convergent section. In the cylindrical section upstream from this point, the 
heat transfer coefficient is scaled by the mass velocity to the 0.8 power for any axial location. 

Figure D-3 shows the high accuracy attained in matching the gas side heat fluxes for a 40 K 
chamt t with a swirl co-axial, LOX/CH4 injector. These data provide the basis for the gas side 
heat transfer coefficient scaling defined above for the propellants investigated it. this study. 

The coolant side heat transfer correlations used in SCALE are summarized in Table D-3. 
Two correlations are given for methane, a wall-to-bulk temperature ratio correlation for pressures 
greater than three times critical, and a more complex property ratio correlation for the near critical 
region. Ihe latter correlation is similar to those for oxygen and propane. 

Coking 

References 3, 4, 7 and 8 provide coking and corrosion data for methane, propane and RP-1. 
Although these results do not provide a clear definition of threshold wall temperatures, are 
sometimes contradictory and often do not extend to high coolant velocities, a number of trends are 
clear. 
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Heat Flux, Btu/in. 





















( 1 ) Coking with propane is as bad or worse than with RP- 1 . Therms ! resistance increa-.es 
at wall temperatures as low as 260 F were observed in Ref. 4, and Ref. 7 noted that 
deposits with propane were heavier, blacker and more uniform than those with RP- 1 . 
Both references observed higher deposition rates with propane at any given wall 
temperature, vhereas Ref. 6 noted deposition rates comparable to RP-1. 

(2) Methane is clearly the best fuel from a coking standpoint No decomposition product 
deposition was observed in Ref. 4. However, deposits were observed at low coolant 
bulk temperatures and low wall temperatures attributable to adsorption of inercaptans 
in trace concentrations. 

(3) Corrosion of copper surfaces occurs with all three fuels due to reactions with sulphur 
impurities. A corresponding roughening of the surface with increased heat transfer 
and pressure drop at high wall temperatures was observed in Ref. 3 *ith methane. 
Threshold temperatures and exposure times for these effects are not well defined at this 
time. Nickel plating on *bz copper surface eliminated tube corrosion and reduced 
deposit formation in most cases in Ref. 8. 

(4) Deposit formation due to coking is still not well understood Observed deposition 
rates are nonuniform in time and depend on velocity, coolant bulk temperature, sulfur 
containination and wall temperature. 

Recommended coolant-side wall temperature limits for hydrocarbon regen-cooled sections 
are shown in Table D-4. 

Rsggq Channel Design 

Regen-cooled section analysis was accomplished with the SCALE program. SCALE 
integrates the coolant energy and momentum equations over the length of the charnel and 
calculates local wall temperatures at selected locations along the channel. Fir. channel layout 
optimizations to minimize pressure drop is accomplished by parametric studies. 

Two-dimensional conduction effects in rectangular channels and spatial variation of the 
coolant heat trarsfer coefficient arc approximated as shown in Figure D-4. The hot wall adjacent 
to the channel, the entire land, and that part of the external wall adjacent to the cir ;nel are 
represented as fins; that part of the external wall adjacent to the land is assumed to be isothermal. 
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Table P -4 

Coolant Inlet Temperature and Coking Temperature Limit 


Coolant 

inlet temperature 

(°R> 

Coklno Temperature 
Limit, (*R) 

RP-1 

311 (56C) 

561 (1010) 

Propane (Subcooled) 

111 (200) 

539(1060) 

Propane (NBP) 

250 (450) 

589(1060) 

Methane 

144(260) 

No Limit * 

Oxygen 

111 (200) 

No Limit* 

Hydrogen 

61 (110) 

No Limit* j 


* No coking temperature limit on the coolant-side, log 487.844 

wall temperature is constrained by the cyde life on gas-side. 
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h Lz - GFAC h L + (1-GFAC)h LB 

tog 487 793 


Figure D • 4. SCALE Thermal Model Simulates All the Relevant Heat 
Transfer Phenomena 



A simple resistance network represents the hot wall adjacent to the land and connects the hot wall 
fin to the land fin. 

Different coolant heat transfer coefficients are associated with each fin. The hot wall heat 
transfer coefficient is based on the average of the centerline (TWL2) and comer (TCORN) wall 
tempera tin cs, while the coefficient for the rxtr nal wall is based on its centerline wall temperature 
(TBS). The land coefficient is merely a wei^ted average erf the other two. 

In its design mode, SCALE •'■siculates the channel depth profile required to satisfy gas-side 
and coolant-side v all rernperature criteria for a specified channel layout. Gas-side wall 
temperatures are . im> cd by cycle life and firing duration requirements. For this study a cycle life 
of 100 cycles was turned. The wall temperature constraint for 100 cycles is illustrated in 
Figure D-j Figure D-t' illustrates wail strength criteria used to determine hot-gas side wall 
thickness. 

Channel layout optimization is accomplished by SCALE parametric studies. Channel 
geometries used in this study are listed in Section 1.4. 

Transpire Analytical Model 

The transpire cooLmt flowrates were calculated using the TRANSP computer program 
(Reference 8). TRANSP imposes an energy balance between the net hot-gas side heat transfer 
and the heat transferred to the coolant, as illustrated in Figure D-7. For methane and LOX, the 
gas-side heat flux reduction due to blowing was calculated using a semi-empirical correlation 
shown in equation (3) below. 

St _ In (1 + aBQ 

St 0 aB' (3) 

where a = (1 -.072M) (Me/Mc) 3 , and a = 0.35 (Mc>Mc)» a = 0.6 (Mc<Me) 

This equation is found in Reference (9) and was derived from dc"- in References (10) through 
(13). The blockage efficiency depends on the coolant flowrate, and on the molecular weight ratio 
between the coolant and core gas. 

For RP-1 and Propane, the blowing heat flux reduction was calculated using equation (4). 


Rn7F017S.9*-AP*78 


D-14 



1400 


800 


1200 


1000 




r 


800 


800 


400 L - 


700 


8001— 


* 

^ 500 h 


400 


300 



J _1 ! I I I 

o 100 200 300 400 SCO 


l 

-400 


-200 


T B PK) 

I L_ 

0 200 

T S m 


400 

tog 487-794 


Figure D - 5. Cycle Life/Creep Wall Temperature Criteria 
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Figure D - 6. Zr-Cu Chamber Wall Strength Criteria 
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TRANSP Modei Imposes Energy Balance Between Reduced 
Gas-Side Heat Flux and Internal Heat Removal by the Coolant 



Gas Side 

q « h (Tr - Tw) 

W 

h - / (Sfe Cp, MW) 

Coolant Side 
* W 

Q -^Cp(T ce - Ten) 


Figure 0- 7. Transpiration Cooling Analytical Model 
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log 487.832 



Ur 




(4) 


whore G = BCpc/Cpe and B = X/Sto 

This equation is derived tom the porous wall transpire data of Battle and Leadon reported in 
Ref.-rtnce (12). In this model the heat flux reduction is a function of coolant flowrate and specific 
heat Equation (4) represents a simplified methodology appropriate for a parametric study. To 
more rigorously model RIM ar.d propane, an analytical approach including endothermic bond 
dissociation and chemical kinetics is required. The basic methodology for analyzing a chemically 
reacting boundary layer is documented in Reference (14). This methodology will be used for the 
analysis of the bench test data. 

On the coolant side the TRANSP fin option was used. The fin model calculates surface and 
in-depth wall temperatures using equation (5). 

T w = q/kr + T cm (5) 

A description of the fin equation is found in Reference (15). Surface temperatures few the 
entire transpiration cooled lengths were assumed to be 600 degrees F. a cok: T temperature limit, 
for propane and RP- 1, and 1240 degrees F for methane and LOX. 

gisclms.Anaiy.sii 

The propellant and coolant combinations studied are shown in Table D-5. Case l is a 
LOX-me thane chamber with methane regen and transpire. Case 2 is a LOX-propane chamber 
with sub-cooled propane regen and transpire. Cases 3, 4 and 5 are LOX RP-1 chambers with 
three different cooling combinations. Case 3 is entirely RP-1 cooled. Case 4 is RP- 1 regen 
cooled and LOX transpire cooled, and Case 5 is entirely LOX cooled. Tabic D-6 shows the 
propellant properties. 

Figure D-8 shows regen pressure drop versus chamber pressure. The an alyses assumed a 
maximum TPA outlet pressure of 8900 psia. The curves are truncated v. here th e 8000 psi pump 
discharge limit is reached. Discharge pump pressures were estimated using gas generator cycle 
power balance data from Reference (16). No r.ew power balances were calculated few this stud). 
Methane and LOX have a 3600 psi limit, while sub-cooled propane has a 3800 psi limit. The very 
hig w regen pressure drops which limit RP-1 tc a 1000 psi chamber pressure are caused by the 
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Table D - 5 

Propellant and Coolant Combinations Studies 


Ca.^e 


Regen 

Transpire 

No. 

Fuel 

Coolant 

CQgknt 

1 

Methane 

Methane 

Methane 

2 

Propane (SC) 

Prepane (SC) 

Propane (SC) 

3 

RP-1 

RP-1 

RP-1 

4 

RP-1 

RP1 

LOX 

5 

RP-1 

LOX 

LOX 





Table P^JS 





Physical Properties of Methane, Propane, s 

ir-i and Lox 



nbo 

Per 

T C r 

Tin 




m 

(P§il 

(!R) 

CR1 


MW 

Methane 

201 

667 

343 

260 

0.4 

16 

Propane 

416 

616 

665 

200 

0.7 

44 

RP-1 

882 

315 

1218 

560 

0.8 

172 

LOX 

162 

731 

278 

200 

1.1 

32 


♦ 
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RP-1 



Chamber Pressure (psi) 


Figure D - 8. Ail-Regen Pressure Loss Versus Chamber Pressure, 
F = 750 ktbf 
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600°F coking temperature limit reaction. The 600°F coking limit restriction docs not cause 
similar high regen pressure drops with subcooled propane as the coolant This is because 
subcooled propane has a lower bulk temperature (-260° F) than RP-1 (100°F). The lower bulk 
temperature of propane permits it to accommodate a higher gas side heat flux without the chamber 
coolant side v.all temperature exceeding 600°F than can RP-1. Table D-7 summarizes the primary 
engine design parameters at the maximum all-regen chamber pressures. 

The predicted baseline heat transfer coefficients are shown in Figure D-9. The methane and 
propane data are nearly identical, and are plotted with a single line. Figure D- 10 shows regen 
friction pressure loss plotted versus axial position. Most of the pressure drop occurs in a small 
length of throat section, or about 5 inches for propane and methane, where high coolant velocities 
are required. 

Figure D-l 1 is a cross plot of the change in sea-level specific impulse versus percent tran- 
spire cooling; and shows that transpiration can be used to increase chamber performance. The 
increase in specific impulse is measured relative to the specific impulse at the maximum all-regen 
chamber pressure. The transpire cooled lengths are indicated by numbers next to the curves. The 
analyses assumed that the transpire sections had 80% of their length located upstream of the throat 
and 20% locates downstream of the throat A maximum increase of 8.2 seconds is possible for 
the methane chamber, when an 18-inch length is transpire cooled, and a chamber pressure of 5664 
psi is reached. 

A 14.8 second increase is possible for the RP- 1 chamber if it is operated at 2804 psi with 
LOX transpire cooling (case 4). The large increase in specific impulse is possible because the 
baseline all-regen chamber is limited to a low 1000 psi chamber pressure. There is less increase 
possible for a LOX regen-cooled RP-1 chamber (case 5) which starts out at 3600 psi. A 3- 
second increase is possil 'e for the RP-1 chamber with RP-1 iranspire (case 3). Compared to 
LOX transpire, RP-1 requires about twice a> much coolant flow because a 600°F coking limit was 
assumed for RP-1. 

Propane has a net loss in performance for any throat length considered. Propane requires 
high transpire flowrates to keep the surface below the 600 F coking temperature limit. If coking 
were not a concern, the propane engine would operate at 1240°F and would have a performance 
increase about the same as the methane engine. 
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Table D - 7 

Base line Operating Conditions 


Propellant 

Mixture 

Ratio 

Regen 

Coolant 

Chamber 1 
Pressure 

(psi) 

Area 

Ratio 

(Pp-^PSja) 

Specific 
Impulse 
Delivered 
Sea Level 

(sed 

Methane 

3.5 

Methane 

3600 

55.3 

323.9 

Propane (SC) 

3.1 

Propane (SC) 

3800 

58.8 

31S.9 

RP-1 

2.8 

RP-1 

1000 

21.2 

275.2 

RP-1 

2.8 

LOX 

36C3 

56.4 

307.5 


(1) Chamber pressures assume 8000 psia TP A discharge pressure, Twall = 600°F for 
RP-1 and propane coolants, and Twall - 1240°F for methane and LOX coolants. 
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Hot Gas Heat Transfer Coefficient 





Figure D - 9. Hot Gas Transfer Coefficient ProfHs for Liquid Oxygen With Methane, 
Propane and RP-1, Evaluated at Baseline Engine Conditions 
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a 



Coolant Friction Pressure Loss (pel) 



Figure D - 10. Coolant Friction Pressure Loss Profile for Methane, Propane 
and RP-1, Evaluated at Baseline Engine Conditions 
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Al t( )| (Seconds) 


(3) RP-1 Ragan, RP-1 Transpire 

(4) RP-1 Ragan, LOX Transpire 

(5) LOX Ragan, LOX Transpire 



Figure D - 1 1 . Sea Level Specific Impulse Change Versus Percent T ranspire 
Cooling With Fixed Pump Discharge Pressure 



Uc 


Tabic D-8 summarizes the data used to construct the plots in Figure D- 1 1 . The method of 
solution was to pick chamber pressure, then solve for the transpire length needed to meet the 8000 
psi pump discharge pressure requirement. The method is described below. 

(1) First, the allowable regen pressure drop was calculated. To meet the 8000 psi pump 
discharge pressure requirement, the total of the new regen loss, plus added injector 
and line losses, should equal the regen loss for the baseline all-regen case. The 
injector and line losses were assumed to be 25 percent of the chambci pressure 
increase. 

(2) Next, SCALE regen pressure drops at the new chamber pressure were calculated for 
several transpire lengths. Channel layouts were optimizer for each run, and the 
pressure losses due to regen flow bypass around the throat section were included. 

(3) Using data from steps (1) and (2) the transpire length yielding the required regen 
pressure drop was selected. 

(4) The transpire requirenient for the length in (3) was calculated using TRANSP. 

(5) The new Ijjl was calculated in two steps. First, the Isl of a hypothetical all-regen 
chamber was calculated using ROCKET. Then Isl with transpire was then calculated 
using the method described in Section 1.4, equation (6). 

(6) The net increase in Isl was calculated by takinp the new I$l in step (5) and subtracting 
the Isl for the maximum all-regen chamber pressure. 

To further define the method used, the 4788 psi, LOX methane calculations is described 
below as a sample case. 

(1 ) At 4788 psi the chamber pressure is 1188 psi greater than the 3600 psi baseline all- 
regen chamber pressure, and injector and line losses are 297 psi greater to keep 
pump discharge pressure constant, the regen pressure loss must be 1095 psi. 

(2,3) A transpire length of 8.4 inches is required to reduce regen loss to 1095 (psi at the 
478 9 psi chamber pressure. 

(4) The transpire flowrate for an 8.4- inch length is 14.6 lb/s, or 0.64% of the total 
propellant (ox plus fuel) flowrate. 
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TABLE D-8 


BASELINE ENGINE SPECIFIC IMPULSE 
INCREASE WITH TRANSPIRE COOLING 


PC 

(psi) 

L’ 

(in.) 

Lrc 

(in.) 

W TC 
(lb/s) 

Wtc 

W t 

(%) 

Regen 

AP 

ISL 

(sec) 

AISL 

ill LQX/Mcihanc ME= , 

11 






3600 

21.6 

0 

0 

0 

2580 

323.1 

0 

4082 

20.8 

3 

5.2 

0.23 

1978 

326.1 

3.0 

4384 

20.4 

5 

8.2 

0.36 

1600 

327.2 

4.1 

4788 

19.9 

8.4 

14.6 

0.64 

1095 

328.6 

5.5 

5664 

18.9 

18 

32.0 

1.43 

200 

331.3 

8.2 

(2) LOX/Propane MR = . 

LI 






3800 

21.3 

0 

0 

0 

1582 

318.8 

0 

4136 

20.7 

3 

26.6 

1.1 

1162 

318.3 

-0.5 

4300 

20.5 

5 

41.8 

1.8 

956 

317.8 

1.0 

4455 

20.3 

7 

56.6 

2.4 

763 

317.2 

-1.6 

(3) LQX/RM MR.= 2,8 

RP-1 regen, RP-1 transpire 




1000 

31.0 

0 

0 

0 

3990 

275.2 

0 

1192 

29.5 

7 

32.2 

1.2 

3750 

275.4 

0.2 

1604 

27.2 

17 

86.2 

3.3 

3235 

276.5 

1.3 

2004 

25.6 

25 

137 

5.4 

2735 

278.0 

2.8 

2804 

23.2 

32 

211 

8.5 

1735 

278.2 

3.0 

(4) LQX/RP-1 mr_^ 

RP-1 regen, LOX transpire 




1000 

31.0 

0 

0 

0 

3990 

275.2 

0 

1192 

29.5 

7 

16.1 

0.60 

3750 

278.2 

3.0 

1604 

27.2 

17 

43.1 

1.62 

3235 

283.7 

8 5 

2004 

25.6 

25 

73.0 

2.80 

2735 

286.8 

11.6 

2804 

232 

32 

123 

4.80 

1735 

290.0 

14.8 

(3) LQX/RP-1 MR =2,8 

LOX regen, LOX transpire 




3600 

21.6 

0 

0 

0 

2826 

307.6 

0 

4261 

20.6 

5 

22.5 

0.93 

1999 

308.9 

1.3 

4821 

19.8 

14 

57.5 

2.41 

1300 

308. 

1.0 
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(5) 


Mt 


The Isl of a hypothetical all-reg«. hsmber at 4788 psi is 330.2 seconds. ThelsL 
- :, h transpire is 328.6 seconds. 

(6) The net increase is 5.5 seconds over the baseline maximum all-regen case. 

Figure D-12 shows the increase? in pump life which result if the transpire pressure drop 
savings are used to reduce pump discharge pressure (maintain chamber pressure constant). The 
data are also summarized in Table D-9. For these calculations it was assumed that pump life was 
governed by the bearing life, which depends on discharge pressure to the one-third power based 
upon standards published by the Anti-Friction Bearing Manufacturers Association, AFBMA, 
(Reference 17). The pump bearing life increase is expressed as a multiple of the pump bearing life 
which would be attained by a pump operated a! a discharge pressure of 8000 psi. The largest 
pump bearing life increases are possible with the RP-1 chamber, since it starts with the highest 
regen pressure drop and lowest chamber pressure. The pump bearing life is increased by a factor 
of 7.94 when the entire barrel and throat are transpiration cooled. For this case the cooled length 
is 31 inches and the specific impulse loss is 4.5 seconds. The LOX transpire flowrate is 2.2 
percent of the total core flow rate. A comparison with the corresponding transpire flowrate on 
Table 8 shows that 2.2 times the transpire coolant is required when the chamber pressure is 
increased to 2804 psia from 1000 psia due to the increased heat load. 

The trade studies show that die relative transpire cooling effectiveness of methane, LOX, 
propane and RP-1 is first order dependent on three variables: coking, blockage efficiency and 
inlet temperature. Of these three, coking was the characteristics which had the greatest effect on 
cooling effectiveness. 

The coking temperature limit for RP-1 and propane is 600°F. For regen cooling, this limit is 
applied at the coolant channel wall. For transpire cooling, it was applied at the hot gas surface. 
For LOX and methane, which do not coke, a 1240°F wall temperature was used. The higher 
allowable wall temperature results in methane and LOX flowrates that are approximately 2 times 
lower than RP-1 and propane flowrates. If propane and RP-1 were compatible with ah 1?40°F 
wall temperature, their flowrates would be about the same as LOX and methane. 

Blockage is the reduction of heat flux at the hot gas surface which results from coolant mass 
addition. Although some theoretical work on transpiration exists, in general it has been necessary 
to characterize blockage through heat transfer experiments. A substantial data base exists for 
simple gaseous coolants. These data reveal that low molecular weight coolants have higher 
blockage efficiencies than high molecular weight coolants. An explanation for this observation is 
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REQEN Coolant Pump Baaring Lit# Ratio 
PBLR 


(3) RP-1 Ragan, RP-1 Tra na plra 

(4) RP-1 Ragan, LOX Tranaptra 

(5) LOX Ragan, LOX Tranaptra 



Parcant Tranaptra Coottng 


(^XIOO) 
' COj ’ 


Figure D - 12. Pump Bearing Ufa Increases Versus Percent Transpire 
Cooling With Fixed Chamber Pressure 
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Pump Ufa Incr ataa With Transpire Cooling 


PC Uc 

(psi) (in.) 

Wtc 

(Ib/s) 

Wl£ 

W T 

(%) 

Isl 

(sec) 

Regen 

AP 

(psia) 

TP A Discharge 

Pressure 

PDP 

(psia) 

FBLR 

(1) LOX/Methane MR = 3.5 

L = 

21.6 inches 




3600 0 

0 

0 

323.1 

2580 

8000 

1.00 

2 

1.9 

0.08 

3219 

2146 

7566 

1.18 

4 

5.0 

0.21 

3216 

14% 

6916 

1.55 

5.5 

7.8 

0.33 

322.4 

1024 

6444 

1.91 

7 

10.4 

0.45 

322.1 

705 

6125 

2.23 

10 

13.2 

057 

321.9 

405 

5825 

Z59 

(2) I.OX/ Propane MR = 3.1 

L' = 

21.3 inches 




3800 0 

0 

0 

318.8 

1582 

8000 

1.00 

1 

9.3 

0.4 

317.7 

1335 

7753 

1.10 

3 

25.2 

1.1 

315.9 

986 

7404 

1.26 

5 

39.2 

1.7 

314.3 

735 

7153 

1.40 

7 

51.0 

2.1 

313.0 

583 

7001 

1.49 

(3) LOX/RP-1 MR 

= 2.8 RP-1 regen. RP-1 transpire 

L‘ = 31.0 inches 


1000 0 

0 

0 

275.2 

3990 

8000 

1.00 

7 

30.5 

1.1 

2712 

2625 

6635 

1.75 

15 

62.0 

12 

269.1 

1215 

5225 

3.59 

31 

120.5 

4.3 

263.4 

0 

4010 

7.94 

(4) LOX/RP-1 MR 

= 2.8 RP-1 

regen 

, LOX transpire 

L’ = 31.0 inches 


1000 0 

0 

0 

275.2 

3990 

8000 

1.00 

t 

15.2 

0.55 

274.0 

2625 

6635 

1.75 

15 

31.0 

1.10 

272.9 

1215 

5225 

3.59 

31 

60.2 

115 

270.7 

0 

4010 

7.94 

(5) LOX/RP-1 MR 

= 2.8 LOX 

regen, LOX transpire 

L' = 21.6 inches 


3600 0 

0 

0 

307.6 

2826 

8000 

1.00 

2 

7.8 

0.32 

306.9 

2566 

7740 

1.10 

4 

16.6 

0.68 

306.0 

1966 

7140 

1.41 

10 

37.8 

1.55 

304.0 

1216 

6390 

1% 

22 

84.1 

3.45 

299.5 

556 

5730 

2.72 
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that for the same mass added, the lighter gas provides a larger volumetric displacement in the 
boundary layer. Using this data base, LOX (MW=32) is about 50 percent less efficient than 
Methane (MW=16). 

For propane and RP-1 a blockage efficiency based on specific beat, rather than molecular 
weight, was used to allow for possible energy absorption through chemical bond dissociation. 
Compared on the basis of specific heat, propane and RP-1 have about the same blockage 
efficiency as methane. The validity of this assumption will be investigated during the subscale test 
program. 

The inlet temperature of the coolant also has a direct effect on the transpire flowrate required. 
The difference between the coolant inlet temperature rnd the hot ’vail temperature is the driving 
potential for coolant side heat transfer. A lower coolant inlet tempenme means a higher driving 
potential, and therefore a lower flowrate requirement. From this point of view, LOX is the best 
coolant, followed by propane (SC), methane and RP-1. If LOX were raised to room temperature, 
the flowrate requirement would be increased by about 20 percent. 

The methane baseline engine was also studied at 70, 80 and 90 percent of full thrust 
Figure D-13 shows reger. pressure loss versus sea-level specific impulse for different transpire 
cooled lengths. The data are also summarized in Table D-10. These data show that transpire 
cooling has a relatively small effect on specific impulse (a 1 second toss if the enure chamber is 
transpire cooled) compared to the losses due to engine throttling, which arc 6 seconds for each 10 
percent thrust decrement 

WBS 1.2— CONCEPTUAL FULL-SCALE DESICN ANALYSIS 

The objective of this task was to identify potential transpire throat section design approaches 
for a full-scale LOX-hycLocarbon engine. As with previous Aerojet transpire chambers, platelets 
were selected as the best means to produce a transpire wall. Platelets have been used successfully 
at Aerojet for over 20 years, and platelet thrust chambers have been demonstrated in six major 
transpiration cooiing test programs summarized ie Table D-l 1. Aerojet thrust chamber transpire 
cooling experience include over 400 tests with 250 minutes of actual hot-fire testing. Thrust 
levels up to 100 klbf h'.ve been tested, and both fuels (CH 4 and Ffy) and oxidizers (CIF 3 and 
N 2 O 4 ) have been used as transpire coolants. 

Platelets are thin sheets of metal which are individually photoetched. then stacked and 
diffusion bonded to produce a wall with internal slots, channels and metering. The platelet 
features arc created on a CAD terminal, then transferred to artwork at 10 times actual size. 
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Tafate D - I Q 

Lox-Methane at 90, 80 and 70 Parcant Thruat Lavala 



Wtc 


L 

(in.) 

W TC 

(Ib/s) 

W T 

(%) 

isL 

(sec) 

AP 

(psi) 

90%. PC = 3281 psi 

5.1 

6.0 

0.28 

318.4 

776 

8.1 

9.5 

0.44 

318.1 

388 

10.0 

11.1 

0.51 

317.9 

302 

17.1 

17.5 

0.81 

317.3 

0 

80%. PC = 2963 Dsi 

5.1 

5.2 

0.27 

312.4 

534 

8.1 

8.0 

0.41 

31Z1 

270 

10.0 

9.4 

0.48 

312.0 

219 

17.1 

14.7 

0.75 

311.4 

0 

70%, PC = 2646 psi 

5.1 

44 

0.25 

306.5 

346 

8.1 

6.7 

0.38 

306.2 

181 

10.0 

7.9 

0.45 

306.1 

152 

17.1 

12.5 

0.71. 

305.5 

0 


T abte P “ It 

Aerojet Thruat Chamber Transpiration Cooling Experience 


Project 

Data 

Type of 
Flow 

Gas-Side 

Envlronmen 

Coolept 

Comments 

ARES 

1967 

Rocket Thrust 

Chamber 

(lOOWbf) 

/A-50 
u fj/MHF-3 

N2Q4 

~ F 3 

Ts - 1200 - 1500°F 

Carbo.'. ..tsk 

1967 

Rocket Thrust 
Chamber 
(Pc -lOOOpsi) 

CIF 3 /MHF -3 

N 2 .tH 4 

Ts ~ 4000°F 

Transpire 

1968 

Rocket Thrust 
Chamber 

/A-50 

^2° 4 

3077 sec, Platelet 
Concept Created 

ANTCAT 

1973 

Rocket Thrust 

Chamber 

(50Klbf) 

LOX/C 0 H 5 N 

$-40 

H 2 O 

-200 Tests, 
Nosetip Tester 

Trans-Regen 

1976 

Rocket Thrust 
Chamber 

LOX/B) 

q~45 

H 2 ,He 

Transpiration Cooled 
Throat Demonstration 

ANTCAT 

1979 

Rocket Thrust 
Chamber 
(50 Wbf) 

/A-50 


-200 Teds 
Nosetip Tester 
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Working negatives used in the photoetch process are then created by photoreducing the artwork, 
thereby minimizing any error. Critical feature dimensions of each negative are inspected using a 
computer controlled video comparator prior to photoetching. As a rule, tht smallest feature which 
can be photoetched is determined by the platelet material and thickness. For a CRES platelet, the 
smallest platelet dimension is about .001 inch, compared to .004- inch for copper. A summary of 
Aerojet transpiration platelet design experience is shown in Table D-12. 

In existing Aerojet platelet chambers, like ANTCAT, transpire flow distribution to the hot- 
gas surface is accomplished using platelet pairs consisting of a metering platelet and a distribution 
platelet. As shown in Figure D-14, the metering platelet contains primary and secondary 
metering passages which apportion the flow from the inlet manifold to tiie coolant slots. The 
metering passages are located away from the hot-gas surface so that the quantity of flow is 
unaffected by the hot-gas side wall temperature. Metering features are thru-etched to provide part- 
to-part flow repeatability within a few percent. The distribution platelet contains coolant inlet 
manifolds, and also the slots through which the coolant is carried to the hot-gas surface. 
Distribution platelet features are depth-etched for greater strength and higher heat transfer 
efficiency. 

Because platelets combine a high heat exchanger efficiency with superior flow control, 
platelets are a logical choice for a thrust chamber application. Other porous media, such as 
rigimesh, wound wire and sintered metal, have poor flow repeat-ability from sample to sample 
because of non-uniform nanufacturing. Because the metering occurs in the finely porous material 
near the surface, these materials are susceptible to hot spot instabilities and plugging. A summary 
of unique advantages of platelets compared to these materials is provic' 1 in Table D-13. 

Platelets may also provide protection from RP-1 and propane coking, as illustrated in 
Figure D-15. Because coolant is metered away from the hot-gas surface, partial coking in the 
injection slots will not affect flowrate. By comparison, coking fr. random pore media wuuid result 
in local plugging and melt. If the kinetics of coke formation are sufficiently slow, coking may not 
occur in the channels at all, or build-up may occur gradually in the heat affected zone, about 0.5- 
inch from the hot-gas surface. Tne determination of a transpire coking temperature limit is one of 
the objectives of the subscale bench testing to be conducted in Task 4 of this program. 

The baseline concept for all four coolants is a Zirconium copper ; telet design approach. 
Copper is selected over CRES because its higher conductivity keeps transpire coolant flowrates 
low. Zirconium copper is selected from the copper alloys because of its high strength and 
demonstrated diffusion bonding process. Other copper alloys such as NASA-Z and GLIDCOP 
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Table D- 12 


Transpiration Platelet Designs are Flexible 


Program 

Material 

Coolant 

Thicknatf 

IBftftat 

Application 

ARES 

CRES 347 


.001 »o .020 

.002 x. 050 

Rocket Thrust Chamber 

ANTCAT 

CRES 347 

H 20 

.001 to .020 

.002 x. 050 

Test Fadtty 

Trans-Regeo 

OFHC 

gh 2 

.004 to .008 

.004 to .008 

Rocket Thrust Chamber 

TCNTPTP 

CRES 347 


.0006 to. 002 

.006 x .012 

Nose tip 

SENT 

Moty 

H 2° 

.0006 to .002 

.005 x .015 

Nose tip 

AEDC-GG 

CRES 347 

np 

001 to .020 

.002 x. 050 

Te3t Fecffity 

NASA LaRC 
M-7 Nozzle 

CRES 347 

Air 

.005 to .060 

.003 X 050 

Test Facility 

Radome 

CRES304L 

H p 

.001 to .004 

N/A 

Nosecorte 

Cooled Forebody 
(HEDI) 

347.304L 

gn 2 

.001 to .020 

.008 x. 0625 

Benign Environment 
for Seeker 

Window Frame 

CRES 347 

gn 2 

.001 to .020 

.006 x .0625 

Benign Environment 
for Seeker 

NASPCLE 

Incone! KJC 

GH ? 

.002 to .004 

.004 X. 004 
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Figure D - 14. Platelet Metering Pairs Provide Accurate Coolant Flow Control 
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Platelets Provide Unique Advantages Over Other Wall Materials for 

Transpiration Cooling 


Wall Material 

Advantages 

Disadvantages 

Woven Metal Cloth 
(Rigimesh) 

• Uniform porosity ±30% 

<* Must be fabricated in 
conical & cylindrical 
shapes and welded 

• Dees not have uni- 
directional-radial flow 

* Does not have large 
permeability variation 
over short distances 

Wound Wire 
(Pcroioy) 

I 

• Uniform porosity 

• Can be constructed in 
only limited shapes 

• Does not have uni- 
directional-radial flow 

• Does not have large 
permeability variation 
over short distances 

t 

• Powdered Sintored 
Metal 

• Sintered Felted Short 
Metal Fibers 

• Sintered Foam Metals 

• Can be fabricated to 
desired geometrical shape 

• Uniform porosity Is not 
always achieved 

• Does not have uni- 
directional-radial flow 

• Does not have large 
permeability variation 
over short distances 

Photoetched Washers 

• Controlled porosity 

• Accurate flew distribution 

• Permeability only In radial 
flow direction 

• Flexibility in choice of 
materials, flow patterns, 
and washer thickness 

• Capability of replacing 
individual washers or 
washer sections 

• Weight 

• Initial cost is high 
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^ Coke Forms in Heat- 
Affected Areas 

Coolant Metered 
Away from Hot Wall 


Deposition Near 
^ Surface has 
^ Small Effect 



Model Coking Effects Using 
Finite Difference Model 


Figure D - 15. Platelets Reduce Coking Problems 
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are potential candidates, but their diffusion bonding characteristics are unknown. There are two 
platelet chamber concepts illustrated in Figure D-16. The first is an ANTCAT type approach as 
described above. This is the near-term approach for a flightweight chamber, and is discussed ir 
Section 1.3. The second concept is a si .per flightweight platelet chamber in which he tanspire 
section is a thin wall formed in three dimensions. This is considered a long-term approach. 
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High efficiency (Tnermel) 



Figure D- 16. Full-Scale Chamber Concepts 
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